
DOE/NASA/20320-74 
I NASA TM-I 00274 

Testing of a One-Bladed 30-Meter-Diameter 
Rotor on the DOE/NASA Mod-0 

1 .  

Wind Turbine 
( B A S - T H -  100234) PESTIBIG OP A CBE-&LA080 1988-19014 
30-i¶B!i18-DIAf!b!i6B 6OTOb CY T B E  D O E / I A S A  
IIGD-0 WllD T U R B I l Y B  F i n a l  B e F G K t  ( N A S A )  
13 P C S C L  10B Uaclas 

63/44 01299EU 

C.B.F. Ensworth Ill and R.D. Corrigan 
National Aeronautics and Space Administration 
Lewis Research Center 

and 

B.M. Berkowitz 
Sverdrup Technology, Inc. 
(Lewis Research Center Group) 

March 1988 

Prepared for 
U.S. DEPARTMENT OF ENERGY 
Conservation and Renewable Energy 
Wind/Ocean Technology Division 

k 



DISCLAIMER 

This report was prepared as an account of work sponsored by an agency 
of the United States Government. Neither the United States Government 
nor any agency thereof, nor any of their employees, makes any warranty, 
express or implied, or assumes any legal liability or responsibility for the 
accuracy, completeness, or usefulness of any information, apparatus, 
product, or process disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein to any specific 
commercial product, process, or service by trade name, trademark, 
manufacturer, or otherwise, does not necessarily constitute or imply its 
endorsement, recommendation, or favoring by the United States 
Government or any agency thereof. The views and opinions of authors 
expressed herein do not necessarily state or reflect those of the United 
States Government or any agency thereof. 

Printed in the United States of America 
Available from 

National Technical Information Service 
U.S. Department of Commerce 
5285 Port Royal Road 
Springfield, VA 22161 

Printed copy: A02 
Microfiche copy: A01 

NTlS price codes’ 

1Codes are used for pricing all publications. The code is determined by 
the number of pages in the publication. Information pertaining to the 
pricing codes can be found in the current issues ot the following 
publications, which are generally available in most libraries: Energy 
Research Abstracts (ERA); Government Reports Announcements and Index 
(GRA and I); Scientific and Technical Abstract Reports (STAR); and 
publication, NTIS-PR-360 available from NTlS at the above address. 



DOE/NASA/20320-74 
NASA TM-100274 

Testing of a One-Bladed 30-Meter-Diameter 
Rotor on the DOE/NASA Mod-0 
Wind Turbine 

C.B.F. Ensworth Ill and R.D. Corrigan 
National Aeronautics and Space Administration 
Lewis Research Center 
Cleveland, Ohio 441 35 

and 

B.M. Berkowitz 
Sverdrup Technology, Inc. 
(Lewis Research Center Group) 
NASA Lewis Research Center 
Cleveland, Ohio 441 35 

March 1988 

'; Work performed for 
U.S. DEPARTMENT OF ENERGY 
Conservation and Renewable Energy 
Wind/Ocean Technology Division 
Washington, D.C. 20545 
Under Interagency Agreement DE-AI01 -76ET20320 



T E S T I N G  OF A ONE-BLADED 30-METER-DIAMETER ROTOR 

ON THE DOEINASA MOD-0 WIND TURBINE 

C .B .F .  Ensworth I11 and R.D.  C o r r i g a n  
NASA Lewis Research Center  

C leve land,  Oh io  44135 

and 

B.M. Berkowi t z  
Sverdrup Technology, I n c .  

(Lewis Research Center  Group) 
NASA Lewis Research Center  

C leve land,  Oh io  44135 

SUMMARY 

A s  p a r t  of t h e  Federa l  Wind Energy Program o f  t h e  Department o f  Energy, 
NASA Lewis Research Center  conducted t e s t s  on t h e  DOEINASA Mod-0 h o r i z o n t a l -  
a x i s  wind t u r b i n e  w i t h  a one-bladed ro tor  c o n f i g u r a t i o n .  The s i n g l e  b lade  had 
an o v e r a l l  l e n g t h  o f  15.2 m, and used a p i t c h a b l e  t i p  t h a t  spanned 12 p e r c e n t  

7 W o f  t h e  b lade  r a d i u s .  The b lade  was balanced by a coun te rwe igh t  assembly t h a t  
0-l M c o n s i s t e d  of a s o l i d  s t e e l  e l l i p s o i d  suppor ted a t  an o u t e r  r a d i u s  o f  4 . 6  m by a 
u I s t e e l  spar .  The b lade  and coun te rwe igh t  assembly were mounted to  a t e e t e r e d  

hub i n  a downwind c o n f i g u r a t i o n .  

The o b j e c t i v e s  o f  these t e s t s  were t o  o b t a i n  d a t a  on t h e  per formance,  
loads ,  and dynamic c h a r a c t e r i s t i c s  o f  an i n t e r m e d i a t e - s i z e ,  one-bladed ro to r .  
These da ta ,  measured a t  a nominal r o t o r  speed of 49 rpm, were compared w i t h  
cor respond ing  d a t a  f o r  a two-bladed ro tor  a t  33 rpm, h a v i n g  t h e  same b lade  
l e n g t h  and a i r f o i l  c h a r a c t e r i s t i c s .  The two-bladed ro tor  was p r e v i o u s l y  oper -  
a t e d  on t h e  same machine. The one-bladed and two-bladed r o t o r s  used common 
components wherever p o s s i b l e  and d i d  n o t  r e p r e s e n t  o p t i m i z e d  rotor des igns .  

The r e s u l t s  o f  t h e  one-bladed rotor t e s t s  showed t h a t  t h i s  c o n f i g u r a t i o n  
can be opera ted  s u c c e s s f u l l y .  There were no s i g n i f i c a n t  dynamic loads  w i t h  
t h i s  c o n f i g u r a t i o n ,  and t h e  f a t i g u e  loads  were comparable to  those o f  a two- 
b laded ro to r .  A decrease i n  power o u t p u t  e q u i v a l e n t  t o  a r e d u c t i o n  i n  wind- 
speed by 1 m/sec o c c u r r e d  w i t h  t h e  one-bladed rotor when compared w i t h  the  
ae rodynamica l l y  s i m i l a r  two-bladed ro tor  o p e r a t i n g  a t  t w o - t h i r d s  o f  t h e  ro tor  
speed. A n a l y t i c a l  methods f o r  p r e d i c t i n g  t h e  per formance and dynamic charac- 
t e r i s t i c s  o f  a one-bladed ro tor  w e r e  v e r i f i e d .  

INTRODUCTION 

The concept  o f  a one-bladed, h o r i z o n t a l - a x i s  wind t u r b i n e  has been o f  
i n t e r e s t  t o  wind t u r b i n e  des igne rs  for many yea rs  ( r e f .  1 ) .  T h i s  i n t e r e s t  has 
been spu r red  by ana lyses  t h a t  have i n d i c a t e d  seve ra l  economic advantages o f  t h e  
one-bladed rotor o v e r  m u l t i b l a d e d  rotors.  These advantages i n c l u d e  t h e  obv ious  
e l i m i n a t i o n  o f  one or more b lades ,  lower d r i v e t r a i n  t o r q u e  for a g i v e n  power 
o u t p u t  (because o f  h i g h e r  ro tor  speed), and s i m p l i f i e d  c o n t r o l  mechanisms. I n  
a d d i t i o n ,  ro tor  hub des ign  and c o n s t r u c t i o n  c o u l d  be s i m p l i f i e d ,  and t h e  b lade  
cou ld  have l e s s  s t r i n g e n t  aerodynamic shape t o l e r a n c e s .  



The above advantages need t o  be balanced aga 
u s i n g  a one-bladed ro tor  des ign .  
problems i n h e r e n t  i n  an asymmetric ro tor ,  as w e l l  
to rque.  I n  a d d i t i o n ,  t h e  a n t i c i p a t e d  decrease i n  
rotor c o n f i g u r a t i o n  needs t o  be cons idered i n  cos 

These concerns 
n s t  t h e  concerns r a i s e d  by 
nc lude the  p o s s i b l e  dynamic 
as a more v a r i a b l e  o u t p u t  
power o u t p u t  of a one-bladed 

t r a d e - o f f  s t u d i e s .  

A l though most i n v e s t i g a t o r s  b e l i e v e  t h a t  t h e  economic advantages o f  a one- 
b laded ro tor  ou twe igh  t h e  t e c h n i c a l  d i f f i c u l t i e s  i n v o l v e d ,  exper imenta l  d a t a  
a re  o b v i o u s l y  needed. Comparative t e s t s  a re  needed i n  which o n l y  t h e  number o f  
b lades i s  changed. Such t e s t s  would q u a n t i f y  d i f f e r e n c e s  i n  performance and 
v i b r a t o r y  loads .  The DOE/NASA Mod-0 200-kW wind t u r b i n e ,  w i t h  i t s  a v a i l a b l e  
two-bladed d a t a  base, was used to  t e s t  a one-bladed c o n f i g u r a t i o n  t h a t  would 
r e q u i r e  min imal  hardware changes. 

I 
Th i s  r e p o r t  i s  an e x t e n s i o n  o f  t h e  p r e l i m i n a r y  research  documented i n  

r e f e r e n c e  2. Reference 2 c o n t a i n s  a n a l y t i c a l  p r e d i c t i o n s  of rotor per formance,  
rotor power c o e f f i c i e n t ,  t e e t e r - a n g l e  behav io r ,  and b lade  f l a p w i s e  bend ing  
moments for  t h e  one-bladed rotor. Th is  r e p o r t  documents t h e  r e s u l t s  o f  t h e  
t e s t s  conducted on t h e  one-bladed ro tor  c o n f i g u r a t i o n ,  and compares these  meas- 
ured r e s u l t s  w i t h  those of  a two-bladed rotor on t h e  same Mod-0 machine. 

TEST PROCEDURE 

Turb ine  C o n f i g u r a t i o n  

The one-bladed ro tor  t e s t s  were conducted on  t h e  DOE/NASA Mod-0 200-kW 
wind t u r b i n e  t e s t  bed l o c a t e d  near Sandusky, Ohio.  The t e s t i n g  p e r i o d  extended 
from September th rough  November 1985. The wind t u r b i n e  c o n f i g u r a t i o n  t e s t e d  
( f i g .  1 )  used a downwind ro to r .  The rotor c e n t e r l i n e  h e i g h t  was 38 m, w i t h  t h e  
n a c e l l e  mounted on a t u b u l a r  s t e e l  tower .  The tower i s  suppor ted by a s p r i n g  
base which can be a d j u s t e d  t o  v a r y  t h e  s t i f f n e s s e s  of t h e  tower  assembly, and 
t h e r e f o r e ,  t h e  n a t u r a l  f r e q u e n c i e s  of t h e  system. 

The p l a n f o r m  o f  t h e  b lade  and coun te rwe igh t  assembly, which were mounted 
t o  a t e e t e r e d  hub, i s  shown i n  f i g u r e  2. The b lade  had a p i t c h a b l e  t i p  which 
spanned 12 p e r c e n t  o f  the  b lade  r a d i u s .  The t i p  c o u l d  be d e f l e c t e d  o v e r  a 
range f r o m  0" t o  -go", t h e  ang le  a t  which the  l e a d i n g  edge p o i n t s  i n t o  t h e  
wind.  The inne r -b lade  s e c t i o n  was 11.2 m l ong ,  had z e r o  t w i s t ,  and was mounted 
w i t h  a p i t c h  ang le  o f  0" r e l a t i v e  t o  the  p lane  o f  r o t a t i o n .  
t i o n ,  which housed t h e  h y d r a u l i c  p i tch-change mechanism, was mounted t o  t h e  end 
o f  the  i nne r -b lade  s e c t i o n .  The inne r -b lade  s e c t i o n  was c o n s t r u c t e d  o f  a wood/ 
epoxy composi te ,  and t h e  t r a n s i t i o n  and t i p  s e c t i o n s  were c o n s t r u c t e d  w i t h  
s t e e l  and plywood r i b s  a t tached  to  a tapered s t e e l  spar .  A f i b e r g l a s s  s k i n  
over  a f o a m - f i l l e d  i n t e r i o r  was used for t h e  t i p  s e c t i o n ,  and t h e  t r a n s i t i o n  
s e c t i o n  was covered w i t h  sheet  me ta l .  The e n t i r e  b lade  beyond the  t r u n c a t e d  
r e g i o n  o f  the  i n n e r  s e c t i o n  had a NACA 23024 a i r f o i l  c ross  s e c t i o n .  

A t r a n s i t i o n  sec- 

The s t e e l  spars i n  t h e  t r a n s i t i o n  and t i p  s e c t i o n s ,  t o g e t h e r  w i t h  t h e  
p i tch-change assembly, r e s u l t e d  i n  a r e l a t i v e l y  heavy o u t e r  b lade .  The t o t a l  
b lade mass was 2200 kg,  i n c l u d i n g  a 182 k g  spoo l -p iece  adapter  mounted on t h e  
i n n e r  end of t h e  i nne r -b lade  s e c t i o n .  The f i r s t  c a n t i l e v e r  f l a t w i s e  ( o u t - o f -  
p lane)  bending f requency was 2.8 Hz ( n o n r o t a t i n g ) ,  and the  f i r s t  c a n t i l e v e r  
chordwise ( i n -p lane )  bending f requency  was 3 .4  Hz. 

2 
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The coun te rwe igh t ,  a s o l i d  s t e e l  e l l i p s o i d  we igh ing  2287 kg ,  was mounted 
t o  a s t e e l  spar  a t t a c h e d  t o  a spoo l -p jece  adap te r .  The e n t i r e  coun te rwe igh t  
assembly weighed 3690 kg .  The o u t e r  r a d i u s  o f  the  assembly was 4 . 6  m. 

When mounted t o  t h e  t e e t e r e d  hub, t h e  coun te rwe igh t  had 0" con ing ,  and 
t h e  b lade  had 3" downwind con ing ,  a t  a t e e t e r  ang le  o f  0". 
was f i t t e d  w i t h  rubber  s tops  t o  p r o v i d e  r e s i s t a n c e  t o  t e e t e r  mo t ion .  A s t a t i c  
( n o n r o t a t i n g )  t e e t e r  s t i f f n e s s  t e s t  e s t a b l i s h e d  the  r e l a t i o n  between t e e t e r  
ang le  and t e e t e r  a x i s  moment ( f i g .  3 ) .  
t e e t e r  s tops .  

The t e e t e r e d  hub 

Note t h e  h y s t e r e s i s  e x h i b i t e d  by  the  

The i n t e r i o r  o f  t h e  Mod-0 n a c e l l e  i s  shown i n  f i g u r e  4 .  The d r i v e t r a i n  
i n c l u d e s  a 45 : l  p a r a l l e l - s h a f t  speed i n c r e a s e r  w i t h  a d i s k  b rake on t h e  h igh-  
speed o u t p u t  s h a f t .  
s l i p ,  wound ro tor  i n d u c t i o n  genera to r  which i s  r a t e d  a t  200 kW. The d iameters  
o f  the  V - b e l t  p u l l e y s  can be changed to  p r o v i d e  a v a r i e t y  o f  rotor o p e r a t i n g  
speeds. 

M u l t i p l e  V -be l t s  on the  high-speed s h a f t  d r i v e  a h igh -  

The yaw d r i v e  system c o n s i s t s  o f  a s i n g l e  h y d r a u l i c  yaw motor d r i v i n g  a 
p i n i o n  mated t o  the  yaw gear  a t t a c h e d  t o  the  n a c e l l e .  
b laded rotor t e s t s ,  t h e  d e s i r e d  yaw ang le  was ma in ta ined  by  o p e r a t i n g  the  yaw 
system manua l ly .  The yaw brake i s  a l a r g e ,  h y d r a u l i c a l l y  a c t u a t e d  d i s k  b rake 
t h a t  can be s e t  t o  p r o v i d e  a range o f  b r a k i n g  to rques .  

Throughout t h e  one- 

The one-bladed ro tor  was t e s t e d  a t  nominal  speeds o f  33 and 49 rpm. The 

The m a j o r i t y  o f  the  t e s t s  were p lanned f o r  o p e r a t i o n  a t  49 rpm because 
33-rpm t e s t s  were used as checkout  t e s t s  t o  v e r i f y  s t a b l e  ro to r  dynamic opera- 
t i o n .  
t h i s  speed p r o v i d e s  h i g h e r  power o u t p u t .  

The s p r i n g  base o f  t h e  p o l e  tower  a l l o w s  for  t u n i n g  o f  t h e  tower  bending 
f requency .  
bending f requency was reduced from a p r e v i o u s  va lue  o f  0.78 Hz (47 rpm) f o r  t h e  
two-bladed rotor t e s t s  a t  33 rpm t o  0.60 Hz (36 rpm) for  t h e  one-bladed ro tor  
t e s t s .  Th i s  a l l owed  t h e  wind t u r b i n e  t o  opera te  s u c c e s s f u l l y  a t  49 rpm a f t e r  
t h e  ro tor  was a c c e l e r a t e d  th rough the  resonant  p o i n t  d u r i n g  s t a r t u p .  

By i n c r e a s i n g  t h e  compl iance o f  the  s p r i n g  base, t h e  f i r s t  tower 

Data System 

Rotor performance i s  based on measured genera to r  power and re fe rence  
windspeed. The r e f e r e n c e  windspeed i s  measured from one o f  f i v e  hub-height  
anemometers l o c a t e d  59 m from the  wind t u r b i n e  and i n  t h e  d i r e c t i o n s  o f  t h e  
predominant  winds a t  t h e  t e s t  s i t e .  
upwind o f  the  t u r b i n e  i s  s e l e c t e d  to  measure t h e  r e f e r e n c e  windspeed. 
loads a r e  measured w i t h  s t r a i n  gages mounted on t h e  spoo l -p iece  adap te rs ,  0.8 m 
(5 .3 p e r c e n t  span) from t h e  r o t a t i o n a l  a x i s .  Yaw to rques  a r e  measured a t  t h e  
o u t p u t  of the  h y d r a u l i c  yaw motor on t h e  s h a f t  o f  t h e  p i n i o n  gear  t h a t  d r i v e s  
t h e  yaw gear .  Rotor to rque  i s  measured by s t r a i n  gages mounted on t h e  low- 
speed s h a f t .  

Du r ing  a t e s t ,  t h e  anemometer most n e a r l y  
Blade 

The da ta  a c q u i s i t i o n  system c o l l e c t s  and r e c o r d s  maximum and minimum v a l -  
ues from each sensor f o r  each rotor r e v o l u t i o n .  
then c a l c u l a t e d  from t h i s  recorded d a t a .  Mean va lues  a r e  c a l c u l a t e d  as 

Mean and c y c l i c  va lues  a r e  

3 



1/2(maximum + minimum) and c y c l i c  va lues  as 1/2(maximum - minlmum). Add l -  
t i o n a l  d a t a  p rocess ing  depends on the  a p p l i c a t i o n .  

The r e l a t i o n  between rotor power and genera to r  power was de termined by 
c a l c u l a t i n g  rotor power based on measured ro tor  d r i v e t r a i n  to rque  and speed. 
Th is  e m p i r i c a l  r e l a t i o n s h i p ,  desc r ibed  i n  the  f o l l o w i n g  equa t ion ,  was used t o  
c o n v e r t  measured a l t e r n a t o r  power t o  ro to r  power f o r  o p e r a t i o n  a t  49 rpm: 

7 

P = 9.3 + 1.09 Pa + 0.00134 P i  ( 1 )  

i n  which 

P ro tor  power, kW 

'a 

power was c o r r e c t e d  t o  sea- leve l  s tandard  c o n d i t i o n s .  Eecause t e s t  runs  were 
n o r m a l l y  4 h r  or l e s s  i n  l e n g t h ,  a tmospher ic  c o n d i t i o n s  changed v e r y  l i t t l e  
d u r i n g  a r u n .  
g i v e n  s e t  of  da ta .  
i n  accordance w i t h  t h e  f o l l o w i n g  equa t ion :  

a l t e r n a t o r  power, kW 

Atmospher ic  p ressu re  and tempera ture  were taken for each t e s t  r u n ,  and t h e  

Consequent ly ,  a s i n g l e  c a l c u l a t i o n  o f  a i r  d e n s i t y  s u f f i c e d  f o r  a 
Rotor power was c o r r e c t e d  t o  sea-leve; s tandard  c o n d i t i o n s  

0.05785 PT 
P 

p '  = (2 )  

where 

P I  rotor power a t  s tandard  sea- leve l  c o n d i t i o n s ,  kW 
T a i r  tempera ture  d u r i n g  t e s t  r u n ,  O R  

p b a r o m e t r i c  p ressu re  d u r i n g  t e s t  run ,  i n .  Hg 

The e f f e c t  o f  yaw ang le  v a r i a t i o n s  on power o u t p u t  was taken i n t o  account  
by  a d j u s t i n g  the  rotor power t o  a z e r o  yaw ang le  th rough use o f  t h e  f o l l o w i n g  
e q u a t i o n :  

P '  
p'l = - 

3 

i n  which 

P"  rotor power a t  z e r o  yaw ang le ,  kW 
\I' yaw ang le ,  deg 

Combining equat ions  ( 1 )  t o  ( 3 )  and d e l e t i n g  t h e  pr ime n o t a t i o n s  y i e l d  

2 T 

P cos Icr P =  3 (0.538 + 0.063 Pa + 0.000078 Pa) 

( 3 )  

( 4 )  

Thus, equa t ion  (4) was used t o  c o n v e r t  measured a l t e r n a t o r  power t o  rotor 
power f o r  s tandard  sea- leve l  c o n d i t i o n s  a t  a yaw ang le  o f  0 " .  

The necessary d a t a  p rocess ing  t o  e s t a b l i s h  t h e  roto; power w i t h  r e s p e c t  t o  
the  windspeed per formance curve  c o n s i s t e d  o f  
4 



( 1 )  S o r t i n g  t o  e l i m i n a t e  da ta  p o i n t s  w i t h  yaw angles exceeding 2-15'. 

( 2 )  C a l c u l a t i o n  o f  1-min averages f o r  genera to r  power, r e f e r e n c e  wind- 
speed, and yaw ang le .  

( 3 )  Convers ion o f  d a t a  p o i n t s  from mean p e r - r e v o l u t i o n  genera to r  power t o  
rotor power. 

( 4 )  S o r t i n g  1-min average p o i n t s  i n t o  windspeed b i n s  and c a l c u l a t i n g  t h e  
median va lue  w i t h i n  each b i n .  

RESULTS AND DISCUSSION 

The p r e d i c t e d  and measured ro tor  power i n  r e l a t i o n  t o  windspeed f o r  b o t h  
one-bladed rotor o p e r a t i o n  a t  49 rpm and two-bladed ro tor  o p e r a t i o n  a t  33 rpm 
a r e  shown i n  f i g u r e  5. 
measured va lues  o f  rotor power f o r  t h e  two-bladed r o t o r .  
between p r e d i c t e d  and measured va lues  o f  ro tor  power f o r  t h e  one-bladed ro to r  
i nc reases  w i t h  windspeed. F u r t h e r  i n v e s t i g a t i o n  would be r e q u i r e d  t o  d e t e r -  
mine i f  t h e  d i sc repancy  i s  due t o  ( 1 )  l i m i t a t i o n s  o f  t h e  p r e d i c t i o n  code and 
t h e  assumptions t h a t  a r e  p a r t  o f  i t s  t h e o r e t i c a l  b a s i s ,  or ( 2 )  inadequacy o f  
t h e  t rea tmen t  i n  t h e  p r e d i c t i o n  method t o  account  f o r  th ree-d imens iona l  flow 
e f f e c t s  such as rotor s t a l l  and b l a d e - t i p  l o s s e s .  

There i s  e x c e l l e n t  agreement between t h e  p r e d i c t e d  and 
The d i f f e r e n c e  

The measured power o u t p u t  f o r  t h e  one-bladed ro tor  i s  15 t o  20 kW below 
t h a t  o f  the  two-bladed rotor fo r  t h e  windspeed range o f  4.5 t o  8 m/sec. 
formance comparison can a l s o  be made by r e l a t i n g  t h e  windspeeds r e q u i r e d  for  a 
g i v e n  power o u t p u t .  
b laded rotor r e q u i r e s  a windspeed approx ima te l y  1 m/sec h i g h e r  than  t h a t  
r e q u i r e d  by t h e  two-bladed ro to r .  

The power loss r e s u l t s  p r i m a r i l y  from ( 1 )  aerodynamic d r a g  on t h e  coun te r -  
we igh t  assembly, and ( 2 )  i nc reased  b l a d e - t i p  l osses  because o f  t h e  h i g h e r  speed 
o f  the  one-bladed ro to r .  The power loss due t o  t h e  coun te rwe igh t  assembly d rag  
was es t ima ted  t o  be 9 kW ( r e f .  1 ) .  Th is  loss c o u l d  be reduced w i t h  aerodynamic 
f a i r i n g  o f  the  assembly. The t i p  l o s s e s  c o u l d  p r o b a b l y  be reduced by optirniz- 
i n g  the  ro tor  des ign  fo r  one-bladed o p e r a t i o n .  

A per -  

F i g u r e  5 shows t h a t ,  t o  produce e q u i v a l e n t  power, t he  one- 

C y c l i c  power was n o t  marked ly  d i f f e r e n t  between t h e  one-bladed and two- 
I t  i s  p o s s i b l e  t h a t  t he  h i g h  s l i p  o f  t h e  i n d u c t i o n  genera to r  b laded ro tors .  

a l l e v i a t e d  t h e  e f f e c t s  o f  t h e  h i g h e r  c y c l i c  t o r q u e  from t h e  one-bladed ro to r .  
S l i p  i s  a c h a r a c t e r i s t i c  o f  the  genera to r  and i n d i c a t e s  a speed d i f f e r e n c e  
between the  genera to r  r o t o r  and t h e  l ine-synchronous speed of  t h e  r o t a t i n g  mag- 
n e t i c  f i e l d .  H igh  s l i p  r e s u l t s  i n  a " so f t "  c o u p l i n g  between t h e  wind t u r b i n e  
mechanica l  o u t p u t  and t h e  u t i l i t y  g r i d .  

Both p r e d i c t e d  and measured c y c l i c  f l a t w i s e  b lade-bending moments a t  
5.3 p e r c e n t  span a re  shown i n  f i g u r e  6 f o r  t h e  one-bladed and two-bladed 
rotors.  To c a l i b r a t e  t h e  dynamic l o a d  p r e d i c t i o n  code f o r  t h e  one-bladed 
ro tor ,  t h e  measured loads  f o r  t h e  two-bladed ro to r  were  used ( r e f .  2 ) .  The 
two-bladed ro tor  was opera ted  i n  a power c o n t r o l  mode t h a t  l i m i t e d  a l t e r n a t o r  
power t o  100 kW by p i t c h i n g  t h e  b lade  t i p s .  
9 .5 m/sec. The one-bladed ro tor  had a power s e t p o i n t  o f  200 kW ( e l e c t r i c a l ) .  

The power s e t p o i n t  was reached a t  
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The t i p s  
t h e  c y c l  

The 

d i d  n o t  p i t c h  f o r  the  windspeed range shown i n  f i g u r e  6. Note t h a t  
c f l a t w  s e  l oads  a r e  comparable for  t h e  two r o t o r s .  

measured c y c l i c  chordwise b lade-bending moments a t  5 .3 p e r c e n t  span 
a re  shown i n  f i g u r e  7 .  The loads  for  t h e  one-bladed ro tor  a re  a lmost  independ- 
e n t  o f  windspeed, and r e f l e c t  t h e  l o a d i n g  due t o  g r a v i t y .  Also shown a r e  l oads  
da ta  fo r  a two-bladed ro to r ,  which a re  aga in  comparable. There i s  a s l i g h t  
i nc rease  i n  l o a d  w i t h  windspeed for t h e  two-bladed ro tor .  Th is  i s  p r o b a b l y  due 
t o  the  e f f e c t  of b l a d e - t i p  p i t c h i n g  t o  m a i n t a i n  t h e  power s e t p o i n t .  

T e e t e r  angles f o r  t h e  one-bladed ro tor  a r e  shown i n  f i g u r e  8 .  T h i s  f i g -  
u r e  shows mean t e e t e r  ang le  as a f u n c t i o n  o f  a l t e r n a t o r  power o u t p u t  for d a t a  
s o r t e d  i n t o  t h r e e  yaw-angle ranges.  Mean t e e t e r  ang le  was p l o t t e d  a g a i n s t  
a l t e r n a t o r  power because a l t e r n a t o r  power g i v e s  a good i n d i c a t i o n  o f  t h e  wind- 
speed averaged over  t h e  a rea  swept by t h e  rotor. The mean t e e t e r  ang les  expe- 
r i e n c e d  by the  one-bladed r o t o r  become more n e g a t i v e  as t h e  power (windspeed) 
i nc reases .  
downwind con ing  o f  t h e  b lade  above i t s  i n i t i a l  va lue  o f  3 " .  Mean t e e t e r  ang les  
were found t o  be a f f e c t e d  by yaw error o n l y  when t h e  magnitude o f  t h e  error 
exceeded 25" to  35" .  

A n e g a t i v e  mean t e e t e r  ang le  i s  e b u l v a l e n t  t o  an i n c r e a s e  i n  t h e  

C y c l i c  t e e t e r  ang les  f o r  one t y p i c a l  t e s t  r u n  a r e  shown i n  t a b l e  I. 
Median t e e t e r  angles a r e  shown for d a t a  t h a t  were s o r t e d  i n t o  b i n s  based on 
a l t e r n a t o r  power and yaw ang le .  C y c l i c  t e e t e r  ang les  a r e  seen t o  be dependent 
on b o t h  windspeed and yaw ang le ,  w i t h  a tendency toward lower  t e e t e r  ang les  a t  
moderate n e g a t i v e  yaw ang les .  

The t e e t e r  mo t ion  o f  t h e  one-bladed rotor was cons idered to  be w e l l  
behaved. 
which p r o v i d e d  n o n l i n e a r  r e s i s t a n c e  t o  t e e t e r  mo t ion .  I n  a d d i t i o n  t o  i n c r e a s -  
i n g  s t a b i l i t y  a t  o p e r a t i n g  speeds, t h e  t e e t e r  s tops  make p o s s i b l e  ro to r  s t a r t u p  
and shutdown w i t h o u t  excess i ve  t e e t e r  ang les .  
caused by t h e  ro tor  c e n t e r  o f  g r a v i t y  b e i n g  overhung from t h e  t e e t e r  a x i s  and a 
l a c k  o f  b lade  aerodynamic damping (due t o  low rotor  speed). T h i s  c o u l d  l e a d  t o  
h i g h  impact  loads  i f  t h e  t e e t e r i n g  rotor i s  a l l owed  to  c o n t a c t  t h e  meta l  t e e t e r  
s t o p s .  

The h i g h  t e e t e r  s t a b i l i t y  was a t t r i b u t e d  t o  t h e  rubber  t e e t e r  s tops  

Excess ive t e e t e r i n g  can be 

CONCLUSIONS 

The r e s u l t s  o f  t h e  t e s t  i n d i c a t e  t h a t  t h e  concept  o f  a one-bladed rotor i s  
v a l i d ,  a t  l e a s t  fo r  i n t e r m e d i a t e - s i z e  machines. There a re ,  i n  f a c t ,  no  s i g n i f -  
i c a n t  dynamic problems w i t h  the  c o n f i g u r a t i o n ,  and f a t i g u e  loads  a r e  comparable 
to  those of a two-bladed ro to r .  A power o u t p u t  p e n a l t y  e q u i v a l e n t  t o  a 1-m/sec 
windspeed r e d u c t i o n  occu rs  w i t h  t h e  one-bladed ro tor  when compared w i t h  an 
ae rodynamica l l y  s i m i l a r  two-bladed ro to r .  

The r e s u l t s  and t r e n d s  d i s p l a y e d  i n  t h e  one-bladed r o t o r  t e s t s  a r e  i n  gen- 
e r a l  agreement w i t h  t h e  a n a l y t i c a l  p r e d i c t i o n s  p resen ted  i n  re fe rence  2 .  More 
d e t a i l e d  and accu ra te  ana 
e x p e r i m e n t a l l y  determined 
c i e s  and t e e t e r  s t i f f n e s s  

These a n a l y t i c a l  too 
b i n e  des ign  t h a t  i s  o p t i m  

yses can be made by f i n e - t u n i n g  
ro tor  c h a r a c t e r i s t i c s  such as b 

s can a l s o  be used t o  o b t a i n  an 
zed fo r  one-bladed o p e r a t i o n .  

t h e  i n p u t  t o  match 
ade n a t u r a l  f requen-  

improved wind t u r -  
n p a r t i c u l a r ,  t h e  
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per formance ana lyses  c o u l d  be used t o  d e f i n e  ro tor  des 
would l e a d  t o  improved per formance.  

50-60 60-70 

1 . 4  
1 .o 
1.2 

.9 0 . 9  

. 4  . 5  

. 5  . 4  

. 6  

. 6  . 6  

REFERENCES 

70-80 

0 . 9  
.a  

gn c h a r a c t e r i s t i c s  t h a t  

0-10 

1 . 0  
. 9  
.8  

. 3  

. 4  

. 5  

. 6  

. 6  

1 .  Pruyn, R .R . ;  Wiesner,  W . ;  and S u l z e r ,  P . G . :  P e r f o r  ... ance and S t r u c t u r a l  
Design Aspects o f  a One-Bladed E l e c t r i c  Power Genera t i ng  W i n d m i l l .  
can H e l i c o p t e r  S o c i e t y ,  3 1 s t  Annual N a t i o n a l  Forum Proceedings,  1985. 

2. Cor r i gan ,  R.D. ;  and Ensworth, C.B.F.: Design and I n i t i a l  T e s t i n g  o f  a One- 
Bladed 30-Meter-Diameter Rotor on t h e  NASA/DOE Mod-0 Wind Turb ine .  NASA 
TM-88810, DOEINASA-20320170, 1986. 

Ameri- 

10-20 20-30 

1 . 1  1.4 
. 9  1.1 

1.0 .8 
. 7  .8 
.5  .7 
.7  .7 
. 6  . 6  
.7  .5  
. 6  . 6  

TABLE I .  - MEASURED CYCLIC TEETER ANGLES I N  DEGREES FOR THE MOD-0 

ONE-BLADED ROTOR 

Yaw a n g l e ,  I A l t e r n a t o r  power, kW 
deg 

45 t o  35 
35 t o  2 5  
25 t o  15 
15 t o  5 

5 t o  -5 
-5 t o  -15 

-15 t o  -25 
-25 t o  -35 
-35 t o  -45 

30-40 

1 . 5  
1 .o 

. 9  

.-I 

. 9  

. 6  

. 5  

. 6  

40-50 

1.5 
. 9  

1 .o 
.8 
. 6  
. 6  
. 5  
.5 

7 



ORIGINAL PAGE IS 
0s D R  QUALITY 

FIGURE 1. - MOD-0 WIND TURBINE WITH ONE-BLADED ROTOR. 

8 

FIXED INNER B L A M T  
\, PITCHABLE T I P 7  

I \ I 
1 \ 

d- _ _ _ -  _ _ _  
I 

I NACA 23024 
COUNTERWEIGHT 

;TAT I ON, 
M 

BLADE 
CHORD, 

M 

30 
\ 

0.56 
1.02 
4.06 
7.94 

12.22 
13.23 
13.38 
14.79 
15.22 

0.56 
.56 

1.52 
1.52 
1.23 
1.15 
1.15 
1.03 

0 

FIGURE 2. - MOD-0 ONE-BLADED ROTOR CONFIGURATION. 

‘ I  



60 

10 

n 
TEETER ANGLE, DEG 
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